The functional detection of novel enzymes other than hydrolases from
INTRODUCTION

37
For more than a decade, metagenome research has demonstrated that it is a 38 powerful tool for the discovery of novel biocatalysts and other valuable biomolecules by using 39 either function-or sequence-based screening technologies (1-3). Sequence-based 40 approaches allow the identification of candidate genes. Especially the development of next 41 generation sequencing (NGS) technology and improved bioinformatic tools have significantly 42 advanced this methodology (4). However, a major drawback of sequence-based screening 43 technologies is that they do not allow direct conclusions on the functionality and biochemical 44 parameters of the encoded enzymes. Furthermore sequence-based searches are limited to 45 the identification of homologs of already known motifs (5). Yet another problem associated 46 with the sequence-based approach is that it often reveals only partial genes, which make a 47 subsequent expression and a detailed biochemical analysis of the gene products difficult if 48 not impossible. In contrast, the function-driven approach is usually much slower, more labor 49 and cost intensive but results in the detection of complete and active enzyme clones. It is of 50 course well known, that the function-driven metagenomics is hampered due to expression 51 problems of the genes, and incorrect processing of enzymes (6) (7) (8) . However, the function-52 based approach allows the identification of truly novel enzymes and it allows a first judgment 53 on the actual enzyme activities and physicochemical parameters already during the 54 screening process. 55
It is not surprising that the majority of metagenome-derived enzymes that have been 56 characterized biochemically mainly originated from function-based screenings (9, 10) . 57 and then systematically downsized to detect the corresponding hit in a smaller pool until the 218 responsible single clone was identified. 219
Biocatalytic reactions of 1 mL contained 5 µg of purified His-tagged enzyme and were 220 performed in 50 mM sodium phosphate buffer pH 7 at 37°C. UDP-α-D-glucose or UDP-α-D-221 galactose was added to final concentrations of 500 µM as donor substrate from 50 mM stock 222 solutions in 50 mM sodium phosphate buffer pH 7. Acceptor substrates were used in 223 concentrations of 100 µM and were added from stock solutions of 100 mM in DMSO leading 224 to a final content of 0.1% in the reaction mixture. The reaction was stopped dissolving 100 µL 225 reaction mixture 1/10 in ethyl acetate/acetic acid 3:1. These samples were used directly for 226 quantitative TLC analysis. 227
TLC analyses 228
The supernatant transferred into HPLC flat bottom vials was used for TLC analysis. between by the ATS 4. The sampled TLC plates were developed in ethyl acetate/acetic 233 acid/formic acid/water 100:11:11:27 ('Universal Pflanzenlaufmittel') (41). After separation the 234 TLC plates were dried in an oven at 80°C for five minutes. The absorbance of the separated 235 bands was determined densitometrically depending on the absorbance maximum of the 236 applied educt substances at 285 to 370 nm using the deuterium lamp in a TLC Scanner 3 237 (CAMAG, Muttenz, Switzerland). Subsequently, the substances on developed TLC plates 238 were stained by either dipping or spraying the plates in a methanolic solution 1% (w/v) of 239 'Naturstoffreagenz A', containing diphenyl boric acid β-aminoethyl ester (42), available from 240 Carl Roth GmbH, Karlsruhe, Germany. Following this step the TLC plates were dried and 241 then dipped in or sprayed with a 5% (w/v) solution of polyethylengycol 4000 in ethanol (70%, 242 v/v). For dipping a chromatogram Immersion device (CAMAG, Muttenz, Switzerland) was 243 used. After two minutes the bands were visualized at 365 nm with a UV hand lamp and 244 photographed. Alternatively, fluorescence of the bands was determined densitometrically by 245 on October 17, 2017 by guest http://aem.asm.org/ Downloaded from the TLC Scanner 3 depending on the absorbance maximum of the applied substances at 320 246 to 370 nm. 247
Quantification of flavonoids by TLC 248
To quantify flavonoids in biotransformation and biocatalytic reactions, samples were 249 diluted 1/10 in ethyl acetate/acetic acid 3:1 to stop the reaction. Samples of 20 µL were 250 sprayed by an ATS 4 (CAMAG, Muttenz, Switzerland) on HPTLC silica 60 F 254 plates (Merck 251
KGaA, Darmstadt, Germany) versus different amounts of respective standard educt and 252 product substances. TLC plates were developed, dried, derivatized and analyzed as stated 253 above. Regression curves were calculated from the peak area of the applied reference 254 substances to determine the amount of produced and residual flavonoids. 255
HPLC-ESI-MS analysis 256
HPLC was carried out on a Purospher Star RP-18e 125-4 column (Merck, Darmstadt, 257
Germany), particle size of 3 μm, with a Rheos 2000 pump (Flux Instruments, Suisse) and set 258 pressure limits of 0 bar minimum and a maximum of 400 bar. Injection volumes of 10 µL 259 were separated with solvent A, water supplemented with 0.1% TFA; and solvent B, 260 acetonitrile with 0.1% TFA in following gradient HPLC conditions: From 0 min, 0.6 mL/min 261 90% A, 10% B; from 14 min, 0.6 mL/min 75% A, 25% B; from 18 min, 0.6 mL/min 5% A, 262 B=95%; from 22 min, 0.6 mL/min 5% A, 95% B; from 22.1 min, 0.6 mL/min, 90% A, 10% B; 263 and from 28.1 min, 0.6 mL/min 90% A, 10% B. Elution was monitored with a Finnigan 264
Surveyor PDA detector and fractions were collected by a HTC PAL autosampler (CTC 265 Analytics). Mass spectrometry (MS) was performed on a Thermo LCQ Deca XP Plus with an 266 ESI interface in positive ionization. 267
Sequence analysis and Genbank entries 268
Automated DNA sequencing of small insert plasmids was performed using ABI377 269 and dye terminator chemistry following the manufacturer's instructions. genome from B. cereus group members about ten times (43). Further, the sensitivity of the 295 (HP)TLC-based assay was verified using a serial dilution of isoquercitrin, the 3-O-β-D-296 glucoside of quercetin, by spraying 10 µL of 0.78 µM up to 100 µM solutions of isoquercitrin 297 on TLC plates and measuring the absorbance at 365 nm (TABLE S3 ). In addition, 10 µL of 298 other glycosylated flavonoids were assayed at 10 µM concentrations and could be detected 299 as clear peaks on the absorbance chromatograms (TABLE S3, and data not shown). 300
Based on the observed sensitivities, we designed a systematic screening scheme as 301 outlined in FIGURE 1. Initially 96 fosmid clones were grown in deep well microtitre plates at 302 37°C overnight. Cultures were then pooled and following this step, the cells were sedimented 303 by centrifugation and resuspended in fresh LB medium containing the appropriate antibiotics 304 and 100 μM of quercetin as acceptor substrate. After incubation for 16, 24 and 48 hours at 305 30°C, 4 mL samples of the pooled cultures were withdrawn and extracted with half the 306 volume of ethyl acetate. Of these extracts 20 μL were applied on TLC silica plates and 307 on October 17, 2017 by guest http://aem.asm.org/ Downloaded from developed sample lanes was determined densitometrically at 365 nm. Additionally, bands of 309 substrates and modified flavonoids were visualized by staining with 'Naturstoffreagenz A' as 310 outlined in the Material and Methods section. In our hands the sensitivity of the assay was 311 high enough to detect a single flavonoid modifying enzyme clone in a mixture of 96 clones 312 (FIGURE 1). After the detection of a positive signal, we divided the 96 fosmid clones into 313 pools of 48 to locate the same peak in one of the resulting two half microtitre plates. 314
Following this procedure, we divided the 48 clones to six times eight clones (FIGURE 1) and 315 finally analyzed the eight individual clones. This strategy was applied successfully to identify 316 six overlapping positive clones in the Bacillus sp. HH1500 fosmid library testing all 20 317 microtitre plates with 1,920 clones, totally. 318
Of these six fosmid clones, one clone pFOS4B2 of approximately 46 kb was 319 subcloned using the HindIII restriction site of pBluescript II SK+ vector. The obtained 320 subclones were analyzed using the above-mentioned TLC screening technology. Thereby, a 321 positive subclone designated pSK4B2 was identified and completely sequenced (GenBank 322 entry JX157885 -JX157887). Subclone pSK4B2 carried an insert of 3,225 bp (FIGURE S1A) 323 and encoded for a gene, designated mgtB, encoding for a 402 aa protein. The identified ORF 324 was subcloned creating plasmid pDmgtB and again assayed for activity. TLC analysis clearly 325 confirmed the glycosylation activity of the MgtB enzyme in this construct as well. The 326 deduced aa sequence of MgtB (GenBank # AGH18136) was highly similar to a predicted B. 327 thuringiensis macroside glycosyltransferase (TABLE 1). The mgtB-surrounding DNA 328 sequences in plasmid pSK4B2 represented two truncated genes that consistently were 329 almost identical to genes from B. thuringiensis (TABLE 1) . This phylogenetic relation was in 330 accordance to the preliminary sequence analysis of the 16S rRNA gene of Bacillus sp. 331
HH1500 (see above). 332
These tests suggested that the screening procedure was suitable for the functional 333 
Sequence based classification of MgtB and GtfC 374
To analyze the affiliation of MgtB and GtfC, we calculated a phylogenetic tree using 375 the MEGA version 5 software (44). The amino acid (aa) sequences of MgtB and GtfC, and 376 their closest sequence-based relatives determined by pBlast were aligned by ClustalW. 377
Additionally, the sequences of the actually published prokaryotic flavonoid active GTs were 378 aligned and finally as an outer group two eukaryotic enzymes, the flavonoid 379 glucosyltransferase UGT85H2 from Medicago truncatula and the flavonoid 380 rhamnosyltransferase UGT78D1 from Arabidopsis thaliana (45, 46) . Thereof a neighbor-381 joining tree with 100 bootstraps was computed ( phylogenetically also show affiliation to this cluster but forming a separate branch (FIGURE  396 3). 397
To further characterize the identified metagenome-derived GTs, the aa residues of 398 the C-terminal donor binding regions were compared to the motifs of the closest relatives and 399 the known flavonoid active GTs (FIGURE 4). Here, the Rossmann fold α/β/α subdomain, the 400 conserved donor-binding region of UGTs, is located (52). Plant UDP-glycosyltransferases 401 like UGT85H2 and UGT78D1 exhibit a highly conserved motif in this region which is termed 402 the (Plant Secondary Product Glycosyltransferase) PSPG motif (45, 46, 53, 54) . By 403 alignment we were able to identify key aa known to be of importance for NDP-sugar binding. 404
While MgtB revealed a clear UDP-hexose binding motif consisting of highly conserved 405
Gln289 and Glu310 residues for ribose binding and a conserved DQ, GtfC lacked this motif 406 (45, 55, 56). Instead, GtfC presented typical residues Phe336 and Leu357 for deoxy-ribose 407 nucleotide utilization (57). Moreover we were able to identify the pyrophosphate binding sites 408 in the MgtB aa sequence (FIGURE 4). However, GtfC does not possess these conserved 409 phosphate binding residues suggesting that GtfC and related enzymes have another donor 410 binding mode. In this context GtfC seemed to belong to a novel enzyme class underlining the 411 low level of sequence homology. 412
Overexpression and glycosylation patterns of MgtB and GtfC 413
To further characterize the novel enzymes and verify their functions, we 414
overexpressed and purified MgtB and GtfC as His-tagged proteins in E. coli BL21 (DE3). 415
Both genes mgtB and gtfC were ligated into the expression vector pET19b. The recombinant 416 enzymes containing N-terminal His 10 -tags were purified by Ni-affinity chromatography in 417 native conditions and gradient elution. MgtB could be purified with more than 5 mg/g cell 418 pellet (wet weight). The maximum yield of GtfC was 3 mg/g of cell pellet. Biotransformations with the E. coli strain expressing GtfC and using various 458 polyphenols as substrates yielded in conversions ranging from 52% for xanthohumol up to 459 almost 100% turnover for most flavonols tested (TABLE 3) . Quercetin was transformed 460 almost completely after four-hour biotransformations and yielded three detectable products 461 (P1-P3). To further characterize these products UV absorbance spectra were recorded and 462 compared to the reference glycones of quercetin isoquercitrin and quercitrin (59). P1 463 revealed an Rf value identical to the value of isoquercitrin. Further the UV absorbance 464 spectrum of P1 matched the spectrum of isoquercitrin (FIGURE S3A). P2 revealed an Rf 465 value identical to the one known for quercitrin. P2 also exhibited the same UV absorbance 466 spectrum as quercitrin (FIGURE S3B Rf value and absorbance spectrum as prunin, the naringenin-7-O-glucoside (TABLE 3) . The 488 second naringenin glycone could not be further specified due to the lack of commercially 489 available reference substances. Altogether these results suggested that GtfC acts on the C3, 490 C3', C4' and C7 hydroxy groups of the flavonoid backbone. 
DISCUSSION
502
Within this manuscript, we report on the development of a semi-automated TLC-503 based detection system for flavonoid-modifying enzyme clones. The screening assay was 504 highly reproducible and highly sensitive. It allowed the detection of micromolar amounts of 505 glycosylated flavonoids. Isoquercetin was detectable at 0.78 micromoles in the assay 506 (TABLE S3) . Using this assay we were able to systematically identify one positive clone out 507 of pools of 96 metagenome clones (FIGURE 1 & 2) . To our knowledge this is the first 508 published TLC-based screening method for functional searches in metagenome libraries. We 509 speculate that slight modifications of this screening system could easily allow the detection of 510 other flavonoid-modifying enzyme clones such as acylation or methylation reactions. 511
Using this novel screening technology, we identified a macroside glycosyltransferase 512
MgtB from a soil isolate (i.e. Bacillus sp. HH1500). A fosmid library established with DNA 513 from this strain, which had been isolated from the local botanical garden, only recently, was 514 initially used to develop and verify the outlined screening technology; and using the novel 515 screening technology, MgtB was quickly identified from a pool of almost 2,000 clones. 516
Isolation and purification of recombinant MgtB revealed a novel MGT. MgtB shared 89% aa 517 identity with BcGT-1 from B. cereus ATCC 10987, the closest relative published to act on 518 flavonoids. BcGT-1 was reported to catalyze the glucosylation of flavones, flavonols, 519 flavanones and isoflavones (47). On flavonols BcGT-1 acted on C3-, C7-and C4'-hydroxy 520 groups creating triglucosides of kaempferol (48). In contrast biocatalyses of kaempferol with 521
MgtB yielded just two detectable glucosylated products. Instead reactions with quercetin 522 resulted in three detectable glycones. These data suggested that MgtB acted at the C3' OH-523 group. This hypothesis was also was supported by the observation that recombinant MgtB 524 The natural substrates of Bacillus MGTs still have not been reported. Other MGTs like OleD 533 usually detoxify macroside antibiotics but often possess broad acceptor tolerance (35, 60) . 534
The metagenome-derived GtfC turned out to be a completely novel enzyme. Only 535 seven flavonoid-active UGTs have been reported so far that originate from five different 536 prokaryotes (35, 36, 38, 47, 49) . Without XcGT-2 from Gram-negative X. campestris ATCC 537 33913 all remaining are MGT enzymes from Gram-positive Bacilli and Streptomycetes. 538
MGTs play an important role in xenobiotic defense mechanisms of prokaryotes and thus 539
show broad acceptor specificities (55, 60) . This also applies for eukaryotic UGTs pointing to 540 a biological principle of detoxification (61). To our knowledge GtfC is the first metagenome-541 derived GT acting on flavonoids. Moreover, it is also the first bacterial enzyme reported to 542 transfer various dTDP activated hexose sugars to polyphenols (see below) in contrast to 543 usually stringent donor specificities like Gtfs (57). With respect to the notion that many NDP-544 sugars in prokaryotes are dTDP and not UDP activated, GtfC might be a promising 545 biocatalyst in glycodiversification approaches (58, 62, 63) . GtfC is similar to predicted GTs 546 from Cyphagaceae bacteria (64-66). These Gram-negative bacteria have large genomes 547 suggesting extensive secondary metabolic pathways and they are well known for the 548 presence of resistance mechanism to antibiotics as trimethoprim and vancomycin (67, 68) . 549
As commonly known glycosylation of xenobiotics is a ubiquitous detoxification process in all 550 kingdoms of life. The phylogenetically divers members of Cytophagaceae have only recently 551 become an object of research and a concrete estimation about the phylogenetic wideness of 552 this family and exact taxonomic ranking still remain unclear (65, 69). Thus, the identification 553 of the metagenome-derived GtfC and its partial characterization suggest that this group of 554 microorganisms is perhaps highly promising resource for novel GTs and also other enzymes. by dTDP-rhamnose levels through activity of RmlA (72) . 573
In summary, the screening protocol developed within this manuscript is a very helpful 574 tool for the identification of truly novel enzymes for the modifications of flavonoids and related 575
substrates. Within the manuscript we have used the technology to identify two novel 576 flavonoid-modifying enzymes. Both these enzymes would perhaps not have been detected 577 without the above-developed screening technology. The partial biochemical characterizations 578 either using biocatalysis or biotransformation suggest that MgtB and GtfC are both very 579 interesting enzymes with a high potential for biotechnological applications with respect to 580 flavonoid modifications at industrial scale. Thus future work will now refine this technology to 581 also identify other enzymes linked to flavonoid modifications. b Products symbolized by "-" were not specified due to unavailable reference substances 916 917 on October 17, 2017 by guest
